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Differential scanning calorimetry and real-time X-ray diffraction using synchrotron radiation 25 
were used to study the isothermal crystallization formation mechanism of lard at 18, 20, 22 26 
and 24°C. At 18°C, lard crystallized in three steps. A potential mechanism for these three 27 
steps was proposed. In the first step, part of the melt (the trisaturated triacylglycerols (TAGs)) 28 
crystallized in α crystals adopting a double length structure (2L), while the second step 29 
consisted of a polymorphic transition of these 2Lα crystals to β’ crystals with a triple length 30 
structure (3L). Extra 3Lβ’ crystals consisting of monounsaturated TAGs were also formed 31 
directly from the melt. In the third and last step, β crystals were formed due to a second 32 
polymorphic transition of trisaturated 3Lβ’ crystals to β crystals adopting a 2L structure. 33 
Above a cut-off temperature of 20°C lard crystallized in two steps: no formation of α crystals 34 
could be observed and 3Lβ’ crystals (trisaturated and monounsaturated TAGs) were formed 35 
directly from the melt. This proposed mechanism implies that lard crystallization is 36 
characterized by an overlap of fractionated crystallization and polymorphic transitions. 37 
 38 




1. Introduction 41 
Lard is the fat obtained from the adipose tissue of the pig by a rendering process. It is 42 
used in many industrial bakery applications like biscuits, cakes and cookies (deMan et al., 43 
1991). Furthermore, lard or adipose tissue is also an important ingredient in spreadable liver 44 
paste, a warm processed fine emulsion-like meat product (Steen et al., 2014b). Lard’s 45 
crystallization properties have a large impact on the quality of these lard containing products. 46 
It has, e.g. in spreadable liver paste, been shown, that fat crystallization not only affects the 47 
sensorial properties and stability but also determines to a large extent the rheological and 48 
structural properties (Steen et al., 2014a,b). Knowledge of the (isothermal) crystallization 49 
properties of lard is thus hugely important to better control product quality and optimize 50 
production processes. 51 
The major fatty acids in lard are 20-29% C16:0 (palmitic acid, P), 11-19% C18:0 52 
(stearic acid, St), 24-51% C18:1 (oleic acid, O) and 3-19% C18:2 (linoleic acid, L) (Marikkar 53 
& Yanty, 2014). Di- (UUS, with U: unsaturated and S: saturated) and monounsaturated (USS) 54 
triacylglycerols (TAGs) are the most dominant TAG groups. The former account for 47-54% 55 
with OPO and OPL being the most important TAGs in this group. The latter group makes up 56 
24-27% of the TAGs with OPP and OPSt being the main representatives. Lard also contains 57 
18-24% triunsaturated TAGs (UUU) and 2-10% trisaturated TAGs (SSS, mainly PPSt and 58 
PStSt) (Kallio et al., 2001; Keller et al., 1996; Marikkar & Yanty, 2014). Lard is unique 59 
among other fats, because the saturated fatty acids are preferentially located in the sn-2 60 
position whereas the unsaturated fatty acids are mostly located on the external positions (Al-61 
Rashood et al., 1996; Kalnin et al. 2005). It should also be noted that the chemical 62 
composition of lard can vary widely and is influenced by rearing factors including feeding, 63 
breed, sex, age and physiological stage (Kincs, 1985; Gandemer, 2002). 64 
Several authors have investigated the non-isothermal crystallization behaviour of lard 65 
with differential scanning calorimetry (DSC) and observed that the TAG composition, 66 
consisting of high and low melting TAGs, leads to a broad melting range (-30 and 50°C) with 67 
up to six melting peaks and two or three crystallization peaks between 20 and -50°C, 68 
depending on the heating and cooling rate (Kalnin et al., 2005; Keller et al., 1996; Svenstrup 69 
et al., 2005; Santacatalina et al., 2011). The crystallization behaviour of lard is complicated 70 
because of the polymorphism of the solid phase.  With X-ray diffraction (XRD), Kalnin et al. 71 
(2005) identified four polymorphic forms in lard: α, β’1, β’2 and β in order of increasing 72 
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stability. Furthermore, the polymorphic form of lard is to a large extent determined by the rate 73 
of cooling and the final temperature. Campos et al. (2002) found β’ and β polymorphs in 74 
samples that are cooled slowly (0.1°C/min) while only β’ crystals were observed when lard is 75 
crystallized rapidly (5°C/min). They, however, did not show the XRD results. Kalnin et al. 76 
(2005) reported that a high cooling rate (5°C/min) results in unstable α polymorphs which 77 
subsequently transform into β' polymorphs during storage or upon heating. Similar results 78 
were reported by Santacatalina et al. (2011). Montoyama et al. (2012) applied Raman 79 
spectroscopy to study the crystallinity and polymorphism of the fat in adipose tissue and 80 
observed a gradual β’ to β transformation during cooling of the carcass at 4°C. 81 
Research papers regarding the isothermal crystallization behaviour of lard are quite 82 
limited. Kalnin et al. (2005) used DSC and XRD to study the transitions during isothermal 83 
crystallization at -10 and 15°C during 30 min. They, however, only studied the DSC melting 84 
profiles following the isothermal conditioning between 0 and 10 min and did not show and 85 
discuss the XRD results regarding the isothermal conditioning at 15°C. At -10°C, the authors 86 
concluded that lard first crystallizes in the α polymorph, which disappears in favour of the β’ 87 
polymorph upon further crystallization. The authors could not fully describe the isothermal 88 
crystallization at -10°C as the crystallization process was not yet completed at the end of their 89 
analysis. deMan et al. (1991) studied the crystallization behaviour at 21°C of several lard 90 
shortenings and found them to crystallize predominantly in the β polymorphic form. 91 
Santacatalina et al. (2011) used ultrasonic velocity measurements and DSC to monitor 92 
isothermal lard crystallization. They observed two steep increases in ultrasonic velocity when 93 
crystallizing at 0, 3 and 5°C and attributed them to the crystallization of more saturated and 94 
more unsaturated TAG fractions, respectively. Crystallization at higher temperatures (7, 10 95 
and 20°C) only showed one increase in ultrasonic velocity as the most unsaturated 96 
triglyceride fraction did not crystallize at those temperatures. Campbell et al. (2002) studied 97 
the isothermal crystallization of lard in bulk and emulsified form by means of DSC, nuclear  98 
magnetic resonance (NMR) spectrometry and XRD at 15, 17.5, 20 and 22.5°C. They, 99 
however, only studied the isothermal crystallization with XRD at 22°C and only showed and 100 
discussed the DSC melting profiles following the isothermal conditioning after 5 and 60 min 101 
at 15°C. At 22°C, the authors concluded that both lard in bulk and emulsified form 102 
crystallizes into a mixture of β’ and β crystals. At 15°C, they found a shift in the DSC melting 103 
peak of both lard systems between 5 and 60 min and attributed this to an α → β’ or α → β 104 
polymorphic transition.  105 
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None of the above mentioned articles fully characterized the different crystalline 106 
structures during the isothermal crystallization at different temperatures and related them to 107 
the thermal behaviour. Therefore, the aim of this research was to investigate in detail the 108 
isothermal crystallization mechanism of lard at 18, 20, 22 and 24°C. DSC, time-resolved 109 
small-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction (WAXD) were used to 110 
elucidate a potential isothermal crystallization mechanism of lard at these temperatures.   111 
 112 
2. Materials en methods 113 
2.1. Rendered lard  114 
Fresh pork back fat (mixture of Belgian Landrace & Belgian Large White) was 115 
provided by Spekindustrie Van Maele (Diksmuide, Belgium). The back fat was trimmed of 116 
meat adhering to it, chopped into small cubes (30 cm3) and frozen (-18°C) until rendered lard 117 
preparation. Rendered lard, further called lard, was manufactured by heating the back fat 118 
during 30 minutes at 110°C. Afterwards, the liquid fat was filtered to obtain the lard.  119 
 120 
2.2. DSC 121 
Isothermal crystallization and stop-and-return experiments were performed with a 122 
Q2000 DSC with a refrigerated cooling system and autosampler (TA Instruments, New 123 
Castle, USA). The instrument was calibrated prior to analysis with indium (TA Instruments, 124 
New Castle, USA). Nitrogen was used to purge the system. About 10 mg of lard was 125 
transferred into an aluminium pan and hermetically sealed. An empty pan was used as a 126 
reference. For the isothermal crystallization, the following time-temperature procedure was 127 
applied: heating to 74°C and holding for 10 minutes to ensure complete melting and 128 
elimination of crystal memory, cooling at 5°C/min to the isothermal crystallization 129 
temperature (18, 20, 22, 24°C) and holding at this temperature until crystallization was 130 
completed. Analyses were performed in triplicate. The DSC profiles were analysed using the 131 
TA Universal Analysis software version 4.5A provided by the manufacturer. For the stop-132 
and-return experiments, the isothermal crystallization procedure was interrupted at certain 133 
isothermal periods and the sample subsequently melted at 25°C/min to 80°C. The isothermal 134 
crystallization period previous to melting varied between 0 and 80 min. A heating rate of 135 
25°C/min was chosen to prevent the occurrence of polymorphic transitions during melting as 136 
much as possible so that the melting profiles obtained after the isothermal period give correct 137 
information on the fraction(s) that ha(s)(ve) crystallized and/or the polymorphic form(s) in 138 




2.3. Time-resolved synchrotron XRD 141 
Time-resolved SAXS and WAXD experiments were performed at DUBBLE, the 142 
Dutch-Belgian beamline (BM26) at the European Synchrotron Radiation Facility (ESRF; 143 
Grenoble, France) using a wavelength, λ, of 1.033 Å. The samples were presented in 144 
hermetically sealed aluminium DSC pans and the temperature was controlled by a Linkam 145 
HFS 191 Heating/Freezing stage (Surrey, United Kingdom). The SAXS patterns were 146 
collected on a two-dimensional Pilatus 1M detector placed at 2 m from the sample after an 147 
evacuated tube. The WAXD signals were captured on a Pilatus 300K-W detector put closely 148 
to the sample. The scattering angles were calibrated using silver behenate and high density 149 
polyethylene standards. The 2D SAXS and WAXD data were azimuthally averaged using the 150 
program ConeX (Gommes & Goderis, 2010), normalized to the intensity of the incoming 151 
beam measured by a photodiode placed downstream from the sample and corrected for the 152 
empty holder scattering. The data are represented as a function of the scattering angle, 2θ, 153 
(λ = 1.033 Å). For SAXS the range 0.13 < 2θ < 4.2° is covered and for WAXD the range 8 < 154 
2θ < 25°.  155 
SAXS and WAXD data were acquired simultaneously in consecutive 15 s time 156 
frames, composed of 13.6 s measuring time and 1.4 s data saving time. During experiment 1, 157 
the sample was cooled from 75°C at 5°C/min down to 18°C and kept at that temperature for 158 
90 min after which it was heated at 10°C/min up to 70°C.  In experiment 2, the sample was 159 
cooled from 75°C at 5°C/min down to 20°C and kept at that temperature for 50 min after 160 
which it was heated at 10°C/min up to 70°C.   161 
 162 
2.4. Statistical analysis 163 
The DSC crystallization parameters were analysed by analysis of variance (ANOVA) 164 
(SPSS 16.0). Duncan’s multiple range test was used to determine the significant differences 165 
(P < 0.05) between means.  166 
   167 
3. Results 168 
DSC was used to study the isothermal crystallization of lard at 18°C, 20°C, 22°C and 169 
24°C. More knowledge about the isothermal crystallization mechanism of lard was obtained 170 
by interrupting the isothermal crystallization process after different isothermal periods and 171 
subsequent melting of the samples (stop-and-return experiments). The peak area of the 172 
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obtained melting profiles gives information on the amount of fat crystallization while shifts in 173 
peak maximum give information on possible polymorphic transitions and/or fractional 174 
crystallization. Time-resolved XRD using synchrotron radiation was performed to 175 
unequivocally identify the polymorphic forms of the DSC crystallization and melting peaks. 176 
 177 
3.1. Fatty acid composition 178 
The fatty acid composition, shown in Table 1, was determined according to the method 179 
described by Ryckebosch et al. (2012). The fatty acid profile was in good agreement with 180 
other studies (Kallio et al., 2001; Marikkar & Yanty, 2014; Yanty et al., 2012). 181 
 182 
3.2.Isothermal crystallization behaviour of lard using DSC 183 
Fig. 1 shows the DSC isothermal crystallization curves of lard studied at four different 184 
temperatures: 18, 20 °C (Fig. 1A) and 22, 24°C (Fig. 1B). The peak maxima of the 185 
crystallization peaks (tpeak) were calculated from the DSC crystallization curves. Due to 186 
possible crystallization during the preceding cooling, especially at 18°C, it was decided to 187 
calculate the total enthalpy (∆Htot) from the melting curves instead of from the isothermal 188 
crystallization curves. When the fat starts to crystallize during cooling, the crystallization 189 
peak is superimposed on the heat flow caused by the change of temperature and can therefore 190 
not be integrated (Foubert et al., 2008).  Both variables, determined for the different 191 
isothermal temperatures studied, are presented in Table 2.  192 
The DSC crystallization curve at 18°C (Fig. 1A) displays three exothermal 193 
crystallization peaks which are indicated with an arrow and labelled peak I (between 0.5 and 194 
1.8 min isothermal time), peak II (between 1.8 and 10.2 min) and peak III (between 10.2 and 195 
43.3 min), in order of appearance. Peak III is enlarged because of its low intensity. As shown 196 
in Fig. 1A, a higher isothermal temperature of 20°C resulted in the disappearance of peak I (or 197 
merging with peak II) while tpeak of peak II was not significantly affected (Table 2). Peak III 198 
on the other hand shifted to a significantly longer tpeak and broadened. Furthermore, ∆Htot was  199 
significantly lower at 20°C compared to 18°C.  200 
The DSC crystallization curves of 22°C and 24°C are presented in Fig. 1B on a 201 
smaller y-axis because of their lower crystallization intensity. Although lower in intensity, a 202 
DSC crystallization curve comparable to the one obtained at 20°C was observed for 22°C. As 203 
the isothermal crystallization temperature increased to 22°C, peak II shifted to a significantly 204 
longer tpeak (Table 2) and clearly became broader while tpeak of peak III was not affected. 205 
Further increasing the temperature to 24°C resulted in a shift of peak II to a significantly 206 
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longer tpeak while tpeak of peak III shifted to shorter times. Consequently, peak II and peak III 207 
merged together and were not completely separated. Regarding ∆Htot, the value decreased 208 
significantly with increasing crystallization temperature.  209 
The DSC crystallization curve at 18°C implies that lard crystallizes in three steps 210 
while the DSC crystallization curves at 20, 22 and 24°C indicate a two-step crystallization 211 
process. In general, such multi-stage crystallization processes can either be the result of 212 
polymorphic transitions and/or the crystallization of different fractions that have crystallized 213 
(Foubert et al., 2006). This will be further clarified by the stop-and-return and XRD 214 
experiments. 215 
 216 
3.3. Stop-and-return experiments of lard using DSC 217 
The stop-and-return DSC method was applied to gain more information about the 218 
multi-stage crystallization process. The melting curves after a selection of isothermal periods 219 
at 18, 20, 22 and 24°C are plotted in Fig. 2. It can be seen that the crystallization mechanism 220 
at 18°C (Fig. 2A) was different from that observed at 20°C (Fig. 2B), 22°C (Fig. 2C) and 221 
24°C (Fig. 2D).  222 
At 18°C, when the crystallization was interrupted after 0.5 min (i.e. in peak I (Fig. 223 
1A)), a melting peak with a maximum at 27.0°C (Fig. 2A, peak 1) was observed. This peak 224 
gradually increased as the isothermal period increased (1 min). After 2 min, at the end of peak 225 
I and the beginning of peak II (Fig. 1A), a second higher-melting peak (Fig. 2A, peak 2) with 226 
a maximum at 29.8°C appeared. This shift in peak maximum is most probably associated with 227 
a polymorphic transition from a metastable to a more stable polymorph (Foubert et al., 2008). 228 
When the crystallization was interrupted in peak II (Fig. 1A), starting from 3 min, peak 1 229 
completely disappeared while peak 2 steadily increased. The higher increase of the area of 230 
peak 2 compared to the decrease of the area of peak 1 (Fig. 2A) suggests that apart from the 231 
polymorphic transition, extra crystals in the more stable polymorph were formed directly from 232 
the melt. Interrupting the isothermal crystallization process during peak III (Fig. 1A), after 20 233 
min, resulted in a further increase of peak 2 while a third melting peak (Fig. 2A, peak 3) with 234 
a maximum at 36.2°C gradually appeared. This probably means that on the one hand extra 235 
crystals with a melting point around 30°C are formed from the melt, while on the other hand 236 
crystals with a melting point around 36°C are formed due to another polymorphic transition of 237 
a specific fraction to a more stable polymorph.  238 
 As can be seen from the melting profiles in Fig. 2B, the crystallization behaviour of 239 
lard at 20°C is different from that at 18°C. Only two different melting peaks (peak 2 and peak 240 
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3) can be observed while at 18°C, three melting peaks could be determined. As shown in Fig. 241 
1A, the isothermal crystallization curve at 20°C showed no crystallization peak I which 242 
probably explains the absence of a first melting peak around 27°C in Fig. 2B. Consequently, 243 
interrupting the crystallization during peak II (Fig. 1A), after 2 min, led to the appearance of a 244 
first melting peak (Fig. 2B, peak 2) with a maximum at 30.4°C, probably indicating direct 245 
crystallization from the melt, instead of via a polymorphic transition as at 18°C. When the 246 
crystallization was interrupted during crystallization peak III (Fig. 1A), after 20 min, the same 247 
events occurred as at 18°C. Melting peak 2 (Fig. 2B) increased and simultaneously, another 248 
melting peak (peak 3) with a maximum at 37.1°C started to appear. Thus again, most 249 
probably crystals with a melting point around 30°C are further formed from the melt while a 250 
polymorphic transition of a specific fraction to an even more stable polymorphic form gives 251 
rise to crystals with a peak maximum around 37°C.        252 
 At an isothermal crystallization temperature of 22°C and 24°C, similar events as at 253 
20°C were observed. As shown in Fig. 2C and D, also two melting peaks were observed. 254 
After 4 min of isothermal crystallization at 22°C, melting peak 2 with maximum at 31.3°C 255 
was already present and it further increased after longer isothermal times. Interrupting the 256 
isothermal crystallization process during peak III (Fig. 1B) showed a further increase of 257 
melting peak 2 and an appearance of peak 3 with maximum at 38.0°C (Fig. 2C). At an 258 
isothermal crystallization temperature of 24°C, a peak 2 with maximum at 34.1°C started to 259 
appear after 10 min isothermal time (Fig. 2D). It gradually increased and after 50 min (in peak 260 
III, Fig. 1B) peak 3 with maximum at 39°C appeared.  261 
The results of the DSC stop-and-return experiments confirm that the isothermal 262 
crystallization of lard at 18°C is a three-step process, while at 20, 22 and 24°C it is a two-step 263 
process. They also show that most probably the multi-step crystallization process of lard is the 264 
result of polymorphic transition(s).  265 
 266 
3.4. Isothermal crystallization behaviour of lard by time-resolved synchrotron XRD 267 
Time-resolved XRD using synchrotron radiation was applied to identify the 268 
polymorphic transitions indicated by the DSC stop-and-return method. SAXS and WAXD 269 
diffraction patterns were monitored simultaneously during the isothermal crystallization at 270 
18°C and 20°C.  271 
Fig. 3 shows the SAXS and WAXS diffraction patterns of the isothermal 272 
crystallization of lard at 18°C. Between 0 and 1.7 min a first SAXS peak appeared at 273 
2θ = 1.23° (d = 48.0Å), indicating the start of the isothermal crystallization process. 274 
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According to literature, TAGs with a long spacing (LS) between 30-50Å correspond to a 275 
double chain length structure (2L) (Lopez et al., 2000). At the same time, a broad WAXD 276 
peak at 2θ = 13.0° (d = 4.56Å) (peak not indicated), indicative of TAGs in the liquid state or 277 
disorganized state, slightly decreased while another very weak WAXD peak superimposed on 278 
that signal appeared at 2θ = 14.2° (d = 4.17Å). This WAXD peak can be attributed to an 279 
unstable α polymorphic form. (Larsson, 1966; Sato et al., 1999; Timms, 1984).  280 
Between 1.7 and 5.4 min a second broad peak  at 2θ = 1.69° (d = 35.1Å) and a third 281 
small peak at 2θ = 2.62° (d = 22.6Å) gradually appeared while the first peak at 1.23° (48.0 Å) 282 
started to diminish. The lamellar structure observed at 35.1Å could correspond to the first 283 
order reflection of a 2L packing or to the second order of a trilayered (3L) structure with the 284 
first order reflection at 22.6 Å. This will be further discussed in section 4.1. At the same time, 285 
the WAXD diffraction patterns showed the appearance of two peaks (2θ = 15.4; d = 3.85Å 286 
and 2θ = 14.2°; d = 4.17Å) superimposed on the liquid signal, characteristic of a β’ 287 
polymorph (Larsson, 1966; Sato et al., 1999; Timms, 1984). The increase of the β’ peak area 288 
is much higher than the decrease of the α peak area, indicating additional formation of the β’ 289 
polymorph directly from the melt when all α crystals were transformed. 290 
After about 17 min, a small fourth SAXS peak at 2θ = 1.38° (d = 42.9Å) gradually 291 
started to appear underneath the 1.69° (35.1Å) peak. The latter further increased but clearly 292 
became narrower while the peak at 2.62° (22.6Å) became more clear. Simultaneously another 293 
SAXS peak at 2θ = 0.89° (d = 66.2 Å) became clear which was previously probably hidden in 294 
the broad SAXS peak at 1.69° (35.1Å). According to literature a lamellar packing of 42.9Å 295 
corresponds to a 2L stacking. Concurrently, the WAXD diffraction patterns showed an extra 296 
peak at 2θ = 12.9° (d = 4.60Å), which can unequivocally be attributed to a β polymorph 297 
(Larsson, 1966; Sato et al., 1999; Timms, 1984). So from that moment on, it can be assumed 298 
that a second polymorphic transition of a certain TAG fraction took place from a β’
 
to a β 299 
polymorph while crystallization in β’ crystals of the other TAG fractions directly from the 300 
melt continued. There are also two peaks apparent at 2θ = 13.8° (4.30Å) and 2θ = 14.7° 301 
(d = 4.04Å) which are indicative of a monoclinic subcell, coexisting with the triclinic subcell 302 
(Abrahamsson et al., 1978). 303 
Fig. 4 shows the SAXS and WAXD diffraction patterns of the isothermal 304 
crystallization of lard at 20°C. Similar events as for 18°C were observed. After 2.25 min a 305 
small SAXS peak at 2θ = 1.20° (d = 49.3Å) started to appear simultaneously with a small 306 
WAXD diffraction peak at 2θ = 14.2° (d = 4.17Å), thus corresponding to α crystals with a 2L-307 
stacking. This small peak grew and subsequently vanished rapidly favouring the appearance 308 
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of a peak at 2θ = 1.66° (d = 35.6Å), which already started to grow from 3.5 min onwards. 309 
Simultaneously another small peak at 2θ = 2.60 (d = 22.7Å) appeared. In the WAXD 310 
diffraction patterns, two peaks are visible at 2θ = 14.2° (d = 4.17Å) and 2θ = 15.4° 311 
(d = 3.85Å), suggesting that an α → β’ polymorphic transition took place. Furthermore, 312 
similar to the crystallization at 18°C, the SAXS peak at 1.66° further increased until the end 313 
of the crystallization. From about 20 min onwards, both peaks at 1.66° and 2.60° became 314 
narrower, gradually favouring the appearance of another SAXS peak at 2θ = 1.37° 315 
(d = 43.17Å), indicative of a 2L lamellar packing. A very small peak could be detected 316 
around 2θ = 0.89° (d = 66 Å). Concurrently, in the WAXD diffraction pattern, a peak at 317 
2θ = 12.9° (d = 4.60Å) appeared. An β’ → β polymorphic transition of a certain TAG fraction 318 
thus took place. Similar as for 18°C, there are also two peaks apparent at 2θ = 13.8° (4.30Å) 319 
and 2θ = 14.7° (d = 4.04Å) which are indicative of a monoclinic subcell (Abrahamsson et al., 320 
1978). 321 
The appearance and vanishing of the different XRD peaks confirmed that the 322 
isothermal crystallization at 18°C is a three-step crystallization which can be attributed to two 323 
polymorphic transitions: an α → β’ transition in the beginning and a β’ → β transition of a 324 
certain TAG fraction at the end of the crystallization. The results at 20°C are however in 325 
contrast to the results obtained by the DSC stop-and-return method. While the latter suggested 326 
a two-step crystallization process, the former showed a three-step crystallization process 327 
similar to at 18°C, although the amount of α polymorphs formed was much smaller. This is 328 
probably the reason why this α formation was not visible using DSC. 329 
 330 
4.  Discussion: comparison of data obtained by DSC and XRD: thermal and structural 331 
behaviour 332 
 333 
4.1. Characterization of the crystalline structures 334 
The comparison of the XRD and DSC data allowed us to relate the structural changes 335 
to the thermal behaviour and led to the characterization of the different crystalline structures 336 
during the isothermal crystallization of lard. The molecular arrangements of the different 337 
crystalline structures are discussed based on the results of the isothermal crystallization 338 
process at 18°C.      339 
Melting peak 1 with a maximum at 27.0°C (Fig. 2A) obtained by the DSC stop-and-340 
return method at a crystallization temperature of 18°C can be attributed to the crystallization 341 
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of an unstable α polymorphic form with 2L lamellar packing. When Kalnin et al. (2005) 342 
studied the isothermal crystallization behaviour of lard at 15°C by applying stop-and-return 343 
experiments between 0 and 10 min, they also observed a single endotherm at 25°C at the start 344 
of the isothermal crystallization and attributed this peak to the melting of an (not further 345 
defined due to lack of XRD data) unstable form.  346 
This 2Lα structure is probably formed mainly by the SSS TAGs such as PPSt and 347 
PStSt, which represent less than 10% of the total TAGs in lard (Kallio et al., 2001; Keller et 348 
al., 1996). The attribution to the SSS TAGs rather than the USS TAGs is based on the fact 349 
that the SAXS diffraction peak at 48.0Å (2θ = 1.23°; Fig. 3) is very narrow and sharp, 350 
indicative of a crystalline structure of TAGs similar in size and shape. Furthermore, PPSt and 351 
PStSt have, as pure components in their α crystal structure, SAXS diffraction lines of 352 
respectively 44.6 and 48.5Å comparable to lard in this study (Boodhoo et al., 2009; Bouzidi & 353 
Narine, 2012a,b) whereas the USS TAGs, consisting mainly of OPSt and OPP in lard, have 354 
shorter SAXS diffraction lines of respectively 37.0 and 39.2Å. The clearly lower melting 355 
temperature (27.0°C) of the SSS TAGs in lard compared to the pure components (PPSt = 356 
50.5°C; PStSt = 51°C; Boodhoo et al., 2009; Bouzidi & Narine, 2012a,b) is due to the large 357 
amounts of liquid UUU and UUS TAGs in lard (Keller et al., 1996). This shift of the melting 358 
temperature is governed by the Hildebrand equation and was also observed in other high 359 
melting SSS TAGs in a low-melting solvent (Dibildox-Alvarado & Toro-Vasquez, 1997; Ng, 360 
1989). 361 
Melting peak 2 with a maximum of 29.8°C, obtained by the stop-and-return method 362 
(Fig. 2A), coincides with the SAXS diffraction line at 35.1Å (2θ = 1.69°; Fig. 3). In literature 363 
there has been some discussion regarding the molecular organization giving rise to this 364 
diffraction line. The attribution is difficult since it may correspond to a 3L stacking 365 
representing the second order reflection of 66.2Å (2θ = 0.89°) or to the first order reflection of 366 
a 2L structure composed of TAGs with a high angle of tilt (Campbell et al., 2002; Kalnin et 367 
al., 2005; Keller et al., 1996; Rousseau et al., 1998). When looking at the SAXS diffraction 368 
patterns during melting (data not shown), the crystalline forms displaying a LS at 66.2Å, 369 
35.1Å and 22.6Å jointly melted. This means that the diffraction line at 35.1Å is related to the 370 
second order reflection of a 3L packing with its first order and third order reflections at 66.2Å 371 
and 22.6Å, respectively. The first order reflection at 66.2Å did not appear simultaneously 372 
with the second order at 35.1Å and the third order at 22.6Å because it was hidden in the broad 373 
peak at 35.1Å and emerged later when the latter became narrower due to the polymorphic 374 
β’→ β transition. Also, the first order reflection at 66.2Å was rather weak which coincides 375 
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with its absence in lard (Rousseau et al., 1998) and the pure USS TAGs OPP and OPSt 376 
(Lutton, 1951). 377 
Melting peak 2 can thus be attributed to the crystallization of 3Lβ’ crystals. Given the  378 
broadness of the SAXS peak, these 3Lβ’ crystals consist of SSS TAGs (which are formed 379 
through a 2Lα → 3Lβ’ polymorphic transition) and USS TAGs (which are formed directly 380 
from the melt). The latter consist mainly of OPSt and OPP and represent about 30% of the fat 381 
(Kallio et al., 2001; Kalnin et al., 2005). The β’ polymorphic forms of both the pure 382 
unsymmetrical molecules OPP and OPSt have 3L structures with second order reflections 383 
respectively at 33.0Å and 34.2Å and third order reflections at respectively 21.8Å and 22.3Å, 384 
comparable to those of lard in this study. The melting temperature of the pure TAGs in their 385 
β’ structure is around 35°C for OPP and 40°C for OPSt (Lutton, 1951), which is clearly lower 386 
than the melting peak 2 observed in this study. Again, this is due to the large amount of liquid 387 
material in lard (Keller et al., 1996).   388 
Melting peak 3 with a maximum at 36.2°C (Fig. 2A) obtained by the DSC stop-and-389 
return method at 18°C can be attributed to the crystallization of a β polymorphic form with 2L 390 
lamellar packing. These β crystals mainly consist of SSS TAGs (Lutton, 1962; Rousseau et 391 
al., 1998; Kalnin et al., 2005) and are formed through a polymorphic transition of this fraction 392 
from the β’ polymorph. When looking at the SAXS diffraction patterns during melting (data 393 
not shown), the crystalline forms with an LS at 42.9Å indeed melted last at temperatures 394 
between 39.6°C and 43.7°C. SSS TAGs are indeed known to easily form a β polymorph 395 
(Rousseau et al., 1998). Furthermore, PPSt and PStSt as pure TAGs have, in their β 396 
polymorph, SAXS diffraction lines between respectively 41.3 - 42.5Å and 43.2 - 46.5Å and a 397 
melting point between respectively 62.5 - 63.5°C and 65 - 66.2°C (De Jong & Van Soest, 398 
1978). The melting temperature (36.2°C) of the 2Lβ crystals in lard, is again lower compared 399 
to the pure TAGs due to the large amount of liquid mainly UUU and UUS TAGs (Keller et 400 
al., 1996). A summary of the different crystalline structures of the polymorphic forms in lard 401 
at 18°C and their attribution to the DSC melting peaks is given in Table 3.    402 
 403 
4.2.Potential isothermal crystallization mechanism of lard 404 
The isothermal crystallization process of lard at 18°C and 20°C is a three-step 405 
crystallization step with the formation of α, β’ and β crystals. At higher temperatures of 22°C 406 
and 24°C, the crystallization can be assumed (although no XRD results were generated) to be 407 
a two-step process with no α crystals and only formation of β’ crystals directly from the melt. 408 
First, the SAXS diffraction peak attributed to the crystallization of α crystals was clearly 409 
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smaller and already almost not detectable at 20°C compared to 18°C (Fig. 3 and Fig. 4). As 410 
higher crystallization temperatures imply lower crystallization rates favouring the 411 
crystallization of more stable polymorphic forms (Himawan et al., 2006), this suggests that 412 
probably no α crystals were formed at 22°C and certainly not at 24°C. The big difference in 413 
maximum of crystallization peak II between 20°C and 22°C while no difference was observed 414 
between 18°C and 20°C also suggests a change in crystallization mechanism between 20°C 415 
and 22°C.  416 
Based on the results obtained from the stop-and-return and XRD experiments, a 417 
potential mechanism for the isothermal crystallization mechanism of lard at different 418 
temperatures is schematically proposed in Fig. 5.  419 
 420 
4.3. Effect of isothermal crystallization temperature 421 
The SAXS diffraction patterns (Fig. 3 and Fig. 4) showed that, although formation of 422 
α crystals started later at 20°C, the polymorphic transition α → β’ occurred faster at a higher 423 
temperature of 20°C compared to 18°C. This coincides with literature. At higher temperature 424 
and thus lower driving forces, nucleation occurs latter (Himawan et al., 2006). The rate of 425 
polymorphic transitions however increases at higher isothermal crystallization temperatures 426 
because the lower stability of the less stable polymorphic forms at higher temperatures 427 
increases the driving force for transformation into the more stable polymorphic forms (Ten 428 
Grotenhuis et al., 1999; Walstra, 1987). Furthermore, at a higher crystallization temperature 429 
of 20°C less α crystals were formed compared to 18°C because at higher crystallization 430 
temperatures and thus lower crystallization rates, the formation of more unstable polymorphic 431 
forms is less favoured (Himawan et al., 2006). This also explains why the crystallization of α 432 
crystals could not be detected as a separated peak in the DSC at 20°C.  433 
Furthermore, it is clear from Table 2 and Fig. 1 that higher crystallization temperatures 434 
of 22°C and 24°C resulted in a later start of the β’ crystallization which also occurred slower. 435 
This can be explained by a decrease in crystallization driving force (Himawan et al., 2006) but 436 
also by a difference in crystallization mechanism. 437 
The crystallization of β crystals, formed through an β → β’ polymorphic transition at 438 
all studied isothermal crystallization temperatures occurs remarkably faster at 24°C compared 439 
to 22°C (Fig. 1, Table 2). This can be attributed to the lower stability of the less stable 440 
polymorphic forms and a much larger amount of liquid material (lower ∆Htot; Table 2) at 441 
higher temperatures favouring the driving force for transformation into more stable 442 
polymorphic forms (Ten Grotenhuis et al., 1999; Walstra, 1987).   443 
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Finally, it can be concluded that the higher the isothermal crystallization temperature, 444 
the lower the amount of crystallized fat as indicated in Table 2. Furthermore, the melting 445 
temperature of the β’ and β peaks obtained by the stop-and-return method increased with 446 
increasing temperature due to crystallization of fewer lower melting TAGs.  447 
 448 
5. Conclusions 449 
Using DSC and time-resolved XRD, it was shown that the isothermal crystallization 450 
process of lard between 18°C and  20°C is a three-step crystallization process with formation 451 
of α crystals in the first step, β’ crystals in the second step and finally β crystals in the third 452 
step. The first step is attributed to the crystallization of trisaturated TAGs with a 2L structure 453 
in the α polymorph while in the second step β’ crystals with a 3L structure were formed due 454 
to a 2Lα → 3Lβ’ polymorphic transition of the trisaturated TAGs and the crystallization of 455 
monounsaturated TAGs directly from the melt. Finally, the crystallization of β crystals in the 456 
last step is attributed to a second 3Lβ’ → 2Lβ polymorphic transition of the trisaturated 457 
TAGs. Above a cut-off temperature of 20°C lard is found to crystallize in two steps with no α 458 
crystals and crystallization of the trisaturated and monounsaturated TAGs in the β’ polymorph 459 
directly from the melt.  460 
 461 
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TABLE LEGENDS 568 
Table 1: Fatty acid composition (%) of lard. Means and standard deviation are presented 569 
(Cn = 3). 570 
 571 
Table 2: Peak maximum of crystallization (tpeak) and total melting enthalpy (∆Htot) for 572 
isothermal crystallization of lard at 18, 20, 22 and 24°C. Means and standard deviation are 573 
presented (Cn = 3). 574 
a,b,c,d Effect of isothermal temperature: means with different letter indicate significant 575 
difference at P < 0.05. 576 
 577 
Table 3: Crystalline structures of the polymorphic forms in lard and their attribution to DSC 578 
melting peaks.  579 




Table 1 582 
 583 
Fatty acid (%) 
   
C14:1 1.50 ± 0.00 
C16:0 24.30 ± 0.17 
C16:1 2.00 ± 0.00 
C17:0 0.30 ± 0.00 
C17:1 0.30 ± 0.00 
C18:0 12.30 ± 0.10 
C18:1 (n-9) 39.83 ± 0.00 
C18:1 (n-7) 3.10 ± 0.00 
C18:2 13.40 ± 0.10 
C18:3 (n-3) 0.90 ± 0.00 
C20:0 0.10 ± 0.00 
C20:1 0.67 ± 0.06 
C20:2 0.50 ± 0.00 
C20:3 (n-6) 0.20 ± 0.00 
C20:3 (n-3) 0.10 ± 0.00 
        
 584 
Each value in the table represents the mean of three replicates 585 
 586 
  587 
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Table 2 588 




(min)   
tpeak 
(min)   
tpeak 
(min)   
∆Htot 
(J/g) 
                18 0.9 ± 0.1 3.0 ± 0.1a 27.7 ± 1.2a 29.5 ± 3.0a 
20 / 2.8 ± 0.1a 33.6 ± 0.6b 27.7 ± 1.2b 
22 / 6.6 ± 0.3b 34.5 ± 1.6b 24.9 ± 0.3c 
24 / 19.9 ± 3.5c 28.5 ± 2.3a 20.3 ± 0.1d 
                                
 589 
Each value in the table represents the mean of three replicates 590 
  591 
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Table 3 592 
 593 
  594 
 
Lamellar  Polymorphic form SAXS peaks   WAXD peaks   DSC 





         
2L α (hexagonal) 1.23 48.0 14.2 4.17 27 
3L β' (orthorhombic) 0.89 66.2 14.2 4.17 30 
1.69 35.1 15.4 3.85 
2.62 22.6 
2L β (triclinic) 1.38 42.9 12.9 4.6 36 
         




FIGURE LEGENDS 595 
 596 
Fig. 1. Isothermal crystallization curves of lard as measured by DSC at 18°C and 20°C (A) 597 
and at 22°C and 24°C (B) (exo up). 598 
 599 
Fig. 2. Stop-and-return melting curves of lard crystallized at 18°C (A), 20°C (B), 22°C (C) 600 
and 24°C (D) (exo up). 601 
 602 
Fig. 3. SAXS (left graph) and WAXD (right graph) diffraction patterns of the isothermal 603 
crystallization of lard at 18°C. 604 
 605 
Fig. 4. SAXS (left graph) and WAXD (right graph) diffraction patterns of the isothermal 606 
crystallization of lard at 20°C. 607 
 608 














































































































































































































24°C  D 







2Lβ 2Lβ 3Lβ’ 3Lβ’ 3Lβ’ 3Lβ’ 3Lβ’ 







2Lβ 2Lβ 3Lβ’ 3Lβ’ 3Lβ’ 3Lβ’ 3Lβ’ 









































Melting peak 1 
27°C 
Phase I Phase II Phase III 
Melting peak 2 
30°C 
Melting peak 3 
36-37°C 
UUS 
+ 
UUU 
